In order to study how a cell mass undergoes a transition from one symmetry to another in the slime mold Polysphondylium, we developed a genetic screen in which mutant phenotype and gene expression can easily be visualized in the living organism. The screen combines restriction enzyme-mediated integration (REMI) [ 
Results and discussion
Our goal was to identify developmental genes in Polysphondylium under conditions where all stages of the life cycle could be examined in living cells. The classical restriction enzyme-mediated integration (REMI) procedure does not allow this, and a recent modification employing lacZ as a reporter requires fixed whole mounts [4] . To overcome these limitations, we transformed Polysphondylium [5] with a mixture of three plasmids containing polylinkers with restriction sites in three different reading frames of the gene gfp, which encodes green fluorescent protein, GFP ( Figure 1 ).
To detect genes that are transcribed at low levels, we also needed a highly sensitive screen. This was achieved by using the GFP(S65T) mutant [6] as well as a laser GFP transforming vector. pREMI:GFP plasmids were constructed in two steps. (1) The gfp coding region of pA6GFP, a plasmid expressing GFP under control of a Dictyostelium actin-6 promoter [5] was exchanged with a mutant GFP, GFP(S65T) (kind gift of R. Tsien) resulting in pA6GFP(S65T). (2) Three pairs of oligonucleotides were synthesized: 5′CACATCTAGAATTCGGATCCAGATCT (-or G or GT) ATCGATCACA3′ and their complements, which were then annealed pairwise to provide three polylinkers with several restriction sites in different gfp reading frames. The three polylinkers were digested with XbaI and ClaI, and ligated to pA6GFP(S65T) that had been cut with these enzymes to remove the actin-6 promoter. This resulted in the three plasmids pREMI:GFP-1, -2 and -3, which were used to transform P. pallidum PN500 as previously described [5] illuminated dissecting microscope equipped with the appropriate dichroic mirror and band-pass filter ( Figure 2 ). The excitation maximum of GFP(S65T) is shifted to a single peak at 488 nm whose amplitude is six times greater than the 475 nm peak in the wild type [6] . In addition, laser illumination resulted in a vastly improved signal-to-noise ratio when compared to illumination with a filtered mercury or xenon lamp source (P.F. and E.C.C., unpublished observations). The reasons for this are probably the narrow bandwidth of the excitation line, the filter set, and the low autofluorescence of Polysphondylium at this wavelength. This has allowed us to isolate mutant clones with expression levels ranging from 1.6 times wild type to 26 times wild type. As GFP is a vital marker, we were able to visualize thousands of transformants quickly.
Because Polysphondylium is resistant to drugs (e.g. blasticidin) used for selection in Dictyostelium [7] , and uracil selection [2] is not available, we selected for G418 resistance. When transformants first appeared as plaques on the bacterial lawn (4 days after transformation), and as they developed to different stages, they were examined for GFP expression. We screened approximately 3000 individual drug-resistant clones generated in three independent experiments. For one transformation we used EcoRI digestion, for two others BamHI. Transformation frequencies varied from 3 × 10 -5 to 2.3 × 10 -4 G418-resistant clones per 10 7 cells. When we compared transformation frequencies with and without added enzyme, the stimulation varied between 1.5-and 2-fold, which is not significant. This may be compared to the results of Schiestl and Petes [2] in yeast (up to sevenfold) and Kuspa and Loomis [1] in Dictyostelium (10-20 fold). Despite this marginal increase in frequency, at least half of the transformants appear to be true REMI mutants, and all of them are integrated at one site in the genome (see below). In the initial screen we isolated all transformants that appeared to fluoresce above background. After several subclonings on selective media, 40 strains, seven of which were mutant, proved to express both GFP and G418 resistance, as judged by flow cytometry and confocal microscopy. Selection for drug resistance and scanning for fluorescence took approximately 10 days.
We chose a representative set of strains for further analysis: one with a normal phenotype, but expressing GFP strongly and uniformly; one that expresses GFP spatially; and four that have mutant phenotypes. Figure 3 shows the FACS profiles of GFP-expressing amebae harvested from vegetative or starving cell populations, and confocal images of these transformants later during development. These data are chosen to illustrate several features of GFP expression in these experiments. First, it is clear that mutant (B8.3, B9.1, B10.4, B10.6) and wild-type (B9.5, B11.4) phenotypes can be easily recognized, as can isolates that express GFP spatially (B9.5). Second, GFP expression levels can be rapidly quantified by FACS analysis, revealing additional information about gene regulation as a function of time during development (B9.5). FACS analysis can also be used to document the occurrence of two or more GFP-expressing cell types within the population (B9.1, B9.5, B10.6). For transformants where GFP has been fused to a functioning host protein domain, subcellular localization can sometimes be defined. For example, B8.3 cells cannot aggregate, and GFP is localized subcortically in them, consistent with subsequent cloning and sequencing data showing that GFP is fused to a putative actin-binding domain (P.F. and E.C.C., unpublished observations). Finally, the relatively small size of the gfp sequence aids the cloning of flanking sequences, for which the plasmid shown in Figure 1 was designed.
These six transformants were generated by BamHImediated REMI. In general, the variety of phenotypes
Figure 2
Laser-illuminated dissecting microscope. The microscope was constructed from a Wild M5 dissecting microscope, with the field of view illuminated by the 488 nm line of a 15 W Argon ion laser (Spectra Physics, Inc.). The microscope was fitted with a manual XYZ stage, a dichroic mirror that transmits light at > 500 nm and reflects light between ~450 and 500 nm, and a band-pass filter (~500-550 nm) (Chroma Technology, Inc., filters 500DRLP and HQ525/50, respectively). Transformants were screened and isolated directly at magnifications ranging from 12-50×. and the varying levels and times of GFP expression suggest that the plasmid has inserted at different sites, consistent with the many reports on REMI mutagenesis in Dictyostelium (reviewed in [8] ). A Southern analysis reinforces this conclusion (Figure 4b) . A gfp probe hybridized to a band the same size as the transforming plasmid (6.2 kb) in B9.1, B9.5 and B10.6, indicating that the plasmid had integrated as a multiple tandem array. In the EcoRI digest of B9.5, a weak larger band is visible, indicating that this band contains the plasmid fused to a resident gene. In isolates B9.1 and B10.6, a very strong band was detected, representing many copies of the plasmid, presumably integrated as tandem repeats, which are common in Dictyostelium and Polysphondylium when G418 is used for selection [9] [10] [11] . However, multiple plasmid insertions in tandem repeats will in general have no effect on the level of GFP expression from the vector, since only the 5′ copy will be expressed under control of a host promoter. In B8.3, B10.4 and B11.4, single bands larger than plasmid size hybridized to the probe, suggesting single plasmid insertions. We obtained the same results when we used a neo probe, revealing that the integrated plasmid was intact. To confirm that the plasmid had integrated by REMI into a genomic BamHI site, we hybridized BamHI-digested DNA with the same probes, resulting in a 6.2 kb band in all but B11.4, where a larger band hybridized (Figure 4c ). These results also suggest that the plasmid has inserted into a single genomic location and are consistent with the data of Kuspa and Loomis [1] , who also found REMI transformants similar to B11.4. Although B9.1 and B10.6 may not be REMI events, the fact that there are no weak bands elsewhere on the Southern blot, and the fact that GFP is expressed suggests strongly that they are not simply random mutations caused by the restriction enzyme or fragmented plasmid DNA. In any case, since the six mutants analyzed here were chosen before the Southern analysis had been carried out, they are representative.
Flanking sequences from B8.3 have been cloned and sequenced, suggesting that the B8.3 phenotype is caused by interrupting a new actin-binding protein (P.F. and E.C.C., unpublished observations). The plasmid had integrated at a BamHI site, as expected, and linearized plasmid carrying the flanking sequences could be used to delete the host function, creating the original phenotype shown in Figure 3 . This suggests that G418 selection following REMI transformation does not create a complex genotype by plasmid fragmentation, multiple plasmid insertions into multiple loci or rearrangements and deletions mediated by the restriction enzyme itself. The fact that G418 selection can lead to multicopy inserts at one site, although somewhat of a disadvantage for standard REMI mutagenesis, is not likely to be a problem in the approach described here. This is because the transforming vector was designed so that GFP is expressed only if it is regulated by a resident promoter. Thus even tandem multicopy inserts have a 5′ end correctly in frame and flanked by a REMI site, and can in principle be cloned by replicon rescue [12] . Nonetheless, wherever possible, selection schemes that depend on singlecopy insertions would be advantageous.
Our approach identifies spatially and temporally regulated gene expression in living specimens and cell types. In cases where GFP is fused to a functional protein domain, additional suggestive information about subcellular localization can be gleaned very early in the analysis. Although the drug selection regime used here was designed for Polysphondylium, other regimes have been used in Saccharomyces [2] and Dictyostelium [1] , and REMI has been used without selection in Xenopus [13] . We believe, therefore, that the features of GFP expression outlined here are likely to be of quite general use. 
kb). (c) Genomic DNAs digested with
BamHI, the REMImediating enzyme, and probed with gfp. Genomic DNA was prepared from amebae by the guanidinium thiocyanate CsCl gradient method [14] . Hybridization was carried out as described in [15] . 
